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Abstract
This Senior Project Report documents the development and design process of the Insulated Solar
Electric Cooker with a Phase Change Material (ISEC w/ PCM). In this project, we developed a
PCM assembly that can be integrated into an existing ISEC system which utilizes two 100 W
solar panels. This report details the use of a nitrate salt solution of 60% NaNO3 and 40% KNO3
and demonstrates its potential as a viable form of thermal storage solution for cooking. We found
that only 1kg of PCM is able to retain its heat for around 5 hours after power removal and
believe that the amount and size of our design can be scaled up to improve performance. With an
ISEC that incorporates a form of thermal storage, it can drastically improve the lives of
communities that have minimal access to the traditional electric grid by providing a reliable and
reusable cooking apparatus capable of cooking without access to sunlight.
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Introduction
Our Senior Project, the Insulated Solar Electric Cooker with a Phase Change Material (ISEC w/
PCM), aims to provide a renewable, clean alternative to cooking in developing communities
where electricity isn’t readily accessible. We are working with a fellow Mechanical Engineering
Senior Project group as well as Physics and Chemistry research students to develop ISEC
prototypes that can be used worldwide. The specific goal of our project is to integrate a PCM –
we used a 60% NaNO3 and 40% KNO3 by weight mixture – to act as a thermal battery within the
ISEC, allowing the system to maintain cooking temperatures for an extended period of time after
the solar panels stop receiving sunlight. With our prototype developed, tested, and documented,
we hope that future research and project groups will use our progress to further improve on the
ISEC design, to increase both efficiency and heat retention in their designs.
This document contains four major parts, the Scope of Work (SOW), Preliminary Design
Review (PDR), Critical Design Review (CDR), and the Final Design Review (FDR). Each act as
separate reports that we have completed throughout our design process and have been combined
into a full Senior Project Report. The SOW introduces our project, provides background
information, defines our problem statement, and outlines our process towards a solution. The
PDR documents our chosen design direction based on analyses we’ve done on our concept
designs. The CDR details our final prototype design and includes manufacturing plans for
assembly. Finally, the FDR contains prototype improvements made since our CDR, testing data
with analysis, and project conclusions and recommendations.
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Abstract
This report outlines our team’s proposed design idea to meet the design challenge proposed by
Peter Schwartz, in which we were challenged to build an Insulated Solar Electric Cooker (ISEC)
with Phase Change Material (PCM). This report provides an overview of concept ideation,
development, and selection, and is divided into several sections, which are explained in more
detail in the Introduction section. Pugh matrices were used to determine the optimal PCM
composition, adhesive, and heating element. Shown in the Appendices, a PCM consisting of
60% NaNO3 and 40% KNO3 by mass was selected for its desirable combination of melting
temperature and heat storage capacity. Fireplace caulking was chosen as the optimal adhesive
method, as it provided the most robust and convenient option. For the best heating element, a
custom-made immersion heater was the most effective. After each decision was made, the initial
design of the overall assembly is included, as well as preliminary analysis and calculations.
Shown in Figures 1 and 2, two concentric bowls will form a sealed storage space containing the
PCM and heating element. The cooking bowl will then sit on the upper bowl surface for proper
heat transfer from the heating element to the food. Finally, we outlined our project timeline to
ensure we meet all the goals on time. In Winter Quarter, we will primarily focus on
manufacturing and creating a detailed, working prototype.

i

Table of Contents
1 Introduction
1
2 Concept Development

1

2.1 Ideation Process
2.2 Phase Change Material Selection
2.3 Adhesive Selection
2.4 Heating Element Selection

3 Concept Design

3

3.1 Design Description
3.2 Design Function
3.3 Design CAD
3.4 Concept Prototype
3.5 Assembly Process

4 Concept Justification

8

4.1 Justification with Evidence
4.2 Preliminary Calculations
4.3 Design Hazards / Safety Plans
4.4 Current Obstacles

5 Project Management

11

5.1 Project Development Plan

6 Conclusion

12

References

13

Appendix

ii

1. Introduction
The Introduction summarizes the design challenge and project scope. The goal of this design is
to incorporate nitrate salts acting as a thermal storage device into a modified insulated solar
electric cooking device to maintain cooking temperatures after sunlight can no longer be
provided to the ISEC. The design is meant to be low cost, and able to be assembled with limited
tooling.
This Preliminary Design Review (PDR) contains the commentary and justifications of our ideal
design that arose from the criteria outlined in the Scope of Work (SOW). The PDR will contain
the results of our ideation, drawings and models of our design, as well as the explanations for
each design decision we made.
In Concept Development, we discuss our ideation process and concept selection. Concept Design
builds upon our previous developments and summarizes our selected idea. Concept Justification
provides analysis and evidence for the selected concept design. Finally, Project Management
outlines future steps and how the design concept will be constructed and implemented during the
next quarter.
At the end of the document, we will lay out the timeline for development of a prototype and
future reports through a Gantt Chart.

2. Concept Development
This section highlights and explains our process to ideate, modify, and select a design path for
development. From prior research and interviews on the overall phase change material assembly,
we were given a design that has been proven to work by Dr. Schwartz and the physics research
students. The general idea of this design will be discussed in further detail but consists of two
nested bowls with the PCM contained between the bowls. Because of the proven success of this
provided design, we focused our design and ideation on incorporating nitrate salts and longlasting heating elements and adhesives.
2.1 Ideation Process
Our ideation process consisted mainly of research of materials that can be incorporated into
nitrate salt housing, rather than a design that starts from scratch. Therefore, our ideation process
focused on the selection of three main design components: high temperature adhesives, nitrate
salt composition, and a heating element.
The chosen materials were selected by utilizing three Pugh matrices. Each matrix determined the
best fit design decision for each specification. Due to the independent nature of these three
specifications, each selected idea was able to be added to the final design irrespectively of the
other chosen choices. Therefore, only the Pugh matrices were used in selecting these concepts;
no final decision matrix was necessary.
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2.2 Phase Change Material Selection
For the phase change material, we looked at five different types of PCMs: a 50/50, 60/40, 30/70
composition of NaNO3/KNO3 by mass, a 40/7/53 composition of NaNO2/NaNO3/KNO3, and
erythritol. For selection of the PCM, we utilized a Pugh matrix with the baseline being the 50/50
composition nitrate salts, with the criteria being the specific heat (in solid form), melting
temperature, price, and ability to sustain temperature.
For the specific heat and melting temperature, we looked for lower values, as it will decrease the
required energy and temperature for the ISEC to begin storing thermal energy. For the price, as
stated in our problem statement we look at the lowest price. For the ability to sustain
temperature, we looked at the specific heat of the PCM once in liquid phase, and wanted a higher
specific heat in liquid phase, to show resistance to temperature change.
From this Pugh Matrix (Appendix A), we determined that the 60/40% composition by mass was
the most ideal material selection to act as our PCM. This composition of nitrate salts has a
melting point of 225.38℃ with a latent heat of 120.91 J/g, and a specific heat capacity in the
solid region of 6 J/g℃, while in the liquid region it has a higher specific heat capacity of around
10J/g℃ when in the cooking temperature regions of 200-300℃.
2.3 Adhesive Selection
To keep the ISEC assembled and operating long-term at high temperatures, adhesives resistive to
high temperatures are required. Like the PCM selection, the adhesive selection was done through
its own Pugh matrix. The adhesives that were considered were nuts & bolts, welding, caulking,
and putty. The baseline adhesion method was a cheap sticky putty material listed on Alibaba as
heat conduction grease SD933. This putty was tacky enough to seal pots together and
encapsulate wires to protect them from heat and was the chosen material of Dr. Schwartz and the
physics research students. The criteria the adhesive methods were evaluated on were: local
availability, durability, functionality, assembly ease, and manufacturing/purchasing cost.
As stated in our problem statement, the materials should be low cost and locally available to
ensure that communities all over the world are able to utilize and produce this ISEC design.
Similarly, the adhesion method has to be relatively easy to assemble with limited tooling. The
adhesion method also has to be resistive to both corrosion and high temperatures, to limit the
maintenance required and increase the lifespan of the ISEC.
From this Pugh matrix (Appendix B), we determined that the fireplace caulking was the most
ideal adhesive device, as it excels in all graded criteria, producing a resilient and easily
assembled seal.
2.4 Heating Element Selection
One of the biggest design component challenges we have is to find a heating element design that
is both able to reach and maintain high temperatures to melt the PCM, as well as stay resistant to
corrosion when submerged in the PCM. For the heating elements, we developed a Pugh matrix
consisting of an external heating device, soldering iron tips, electric stove heating element,
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immersion heaters, and a diode chain, with the baseline being the current solution of nichrome
wire inside a metal tube. Similar to the other Pugh matrices, these designs were evaluated on the
availability of materials, safety, ability to sustain temperatures, assembly difficulty, durability,
heating time, and manufacturing cost.
Similar to the other components of the design, we looked for a device that is inexpensive,
relatively available and simple to assemble. However, we additionally desired a device that has a
relatively low heating time, to ensure that the PCM is able to fully melt while the sun is out, as it
is the only time that the ISEC will be provided external power for heating. We also wanted to
make sure the heating element was resistive to various thermal cycles as well as potential
corrosive effects of the PCM.
From this Pugh matrix (Appendix C), the immersion heater was determined to be the best fit
device for our heating element for our PCM assembly. This device may be immersed into the
PCM and is resistant to potential corrosive effects from the nitrite salt mixture, allowing it to
more efficiently convert heat into the PCM.

3. Concept Design
This section illustrates the functions and design concepts that were selected to be implemented in
the final design. This section will also discuss how the chosen concepts will integrate into the
parts of the protype that we have chosen to not change from previous ISEC iterations.
3.1 Design Description and Function
An Insulated Solar Electric Cooker, like its name suggests, is designed to cook food using solar
power. In order to operate once the sun is down, a phase change material (PCM) will be utilized
to store thermal energy in order to cook at any time of day. The PCM assembly will be used in
replacement of the current ISEC heating system, which consists of solely a heating element and
cannot store heat for long term use.
The ISEC PCM assembly will consist of two bowls nested into each other with the 60/40
composition nitrate salts placed in between the two bowls, allowing for safe containment of the
PCM. Holes are created in between the top of the two bowls to allow the immersion heater to be
immersed in the PCM in between the two bowls. This assembly is then sealed together using the
fireplace caulking.
In order to cook with the PCM assembly, a cooking pot will be placed into the inner pot, where
heat is transferred from the internal pot to the cooking pot. The immersion heater, powered by
the external solar panel, will melt the nitrate salts, allowing cooking temperatures to be reached
and maintained through the utilization of the melted salts. If desired, the inner pot of the PCM
can be cooked directly without a cooking pot, but this option will have the drawback of being
more difficult to clean when cooking is completed. The melted salts will store thermal energy,
and the ISEC can be used to cook several hours after any solar energy input is removed. The
exact duration of available cooking time is estimated at boiling 1kg of water per hour per 100W
solar panel attached to the ISEC.
3

3.2 Design CAD
A preliminary design model was developed to get an understanding of the size and spacing that
is required for the immersion heat and nitrate salts as seen in Figure 1 and Figure 2. Figure 1a
shows the overall storage device design with the inner and outer pots fully assembled, with the
heating element protruding through holes created in the upper lips.
Space for
cooking pot
Heating
element

Outer pot
surface

Figure 1a. Nitrate Salt Storage Design
Figure 1b displays a cross-section view of the nitrate storage design. This view displays where
the heating element contact is noticeably attached to the bottom of the inner bowl. There is a
noticeable gap between the two bowls, which acts as housing space for the nitrate salts and the
heating element.

Space for PCM

Heating
element

Figure 1b. Section View of Nitrate Salt Storage Design
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Figure 2a shows the overall cooking assembly in the same view as Figure 1a, with a cooking pot
added. The cooking pot will sit on top of the inner pot. We will aim for these two pots to
maintain as close contact with each other as possible, to facilitate optimal heat transfer. Figure 2b
shows the same assembly in a section view. The cooking pot needs to maintain high heat transfer
between the heating assembly as well as being easily removable, for cleaning and maintenance
purposes.

Cooking
pot

Figure 2a. Nitrate Salt Storage Design with Cooking Pot (Cooking Assembly)

Smooth contact
between cooking
pot and inner pot

Cooking space

Figure 2b. Section View of Full Cooking Assembly
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This initial design used an inner pot diameter of 10 inches, with a wide lip extending an
additional 1.5 inches further out. This allows us to attach the outer bowl to the inner bowl with a
space of about 1.5 inches in between for the nitrate salt mixture. The space also allows the
heating element to insert in between the bowls and attach to the bottom of the inner bowl.
It is important to note that the CAD concept is primarily used to visualize our design direction,
not as a finalized dimensional document. The dimensions used in this CAD concept model are
based on preliminary assumptions. Additionally, the purpose of the ISEC is to be used in
developing communities; it would not be viable for the design to require precise tolerances on
each component. Dr. Schwartz mentioned that ISEC designs can change based on the region that
it is used and the availability of local materials. For example, the exact specifications of the
bowls, heating element, and insulation material can be altered to maintain a low-cost product.
3.3 Concept Prototype
Due to the many iterations and differing designs of the ISEC, our team was able to work with
and test an operating ISEC. While this ISEC did not have PCM, we were able to gain much
insight into components of the ISEC design. Figure 3, demonstrates one of the components of the
ISEC which acts as the inner bowl with the large-lipped design which creates a space between
the two bowls to allow room for the nitrate salts.

Figure 3. A view of the inner pot with the lipped outer edge
Figure 4 shows a general idea of what the nitrate salts and heating element would look like with
the removal of the inner bowl. This shows the amount of space and ability for the nitrate salts to
move around allowing for the nitrate salts to have good contact with the bottom of the inner
bowl, allowing for a greater thermal connection.
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Figure 4. Outer pot with Nitrate Salts
Preliminary tests for this concept prototype are difficult to accomplish, as there is a dependency
on the power outputted by the immersion heater. Once there is a better understanding of the
power output and max temperature provided by this heater, proper salt masses can be
determined.
3.4 Assembly Process
The construction of the final design will begin with the selection of two bowls that will hold the
nitrite salt mixture and the immersion heater. We have discussed several ideas for different
sizing for both the bowls and the immersion heater but have not fully defined these dimensions
yet. An alternate version of a PCM ISEC uses a bowl for the inner bowl of the assembly that
measures 10in in diameter, and this is the bowl we are currently trying to obtain. Once both
bowls are obtained and the dimensions are known, the immersion heater will be ordered from a
vendor supplied by our sponsor, Peter Schwartz. All other required materials for our prototype
we already possess, including the fireplace caulking.
The manufacturing process will begin with cutting a hole for the immersion heater between the
nested bowls. We intend to use a bandsaw for this process, which may change depending on how
thick the final bowl is. Once this hole is cut, the height of the heater will be determined by fixing
the heating element to the bottom of the inner bowl with fireplace caulking. This allows the
heating element to heat the inner bowl quickly, so if a user wishes to cook while the sun is out,
this will expedite the heating process. After this, the outer bowl will be filled with enough PCM
to leave a slight air gap at the top of the PCM assembly. This will allow for thermal expansion of
the salt without it spilling out of the assembly. Once the salt is placed in the outer bowl, the inner
bowl and the attacked heating element is set in and glued together using the fireplace caulking.
The entire assembly will be allowed to cure before the next step.
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We anticipate that components of this design may need to be modified based on how the
prototype functions during testing. These modifications are currently unknown, but we are
theorizing that the fireplace caulking sealing the two pots together will need to be reinforced.
Once the PCM assembly has been completed, it will be placed in a large, insulated bucket,
measuring roughly 2ft in diameter and 3ft tall. This bucket will provide insulation for the PCM
and increase the duration the PCM can store thermal energy. This assembly is already fabricated,
as it was used for a previous ISEC, and can easily accommodate any dimensions of our PCM
assembly as the insulation is soft and easily molded.

4. Concept Justification
This section will provide research conducted to justify the chosen design concepts we are utilizing in our
design. The majority of research was conducted on the three design parameters discussed in the previous
sections: the heating element, the adhesive solution, and the ratios present in the nitrite salt mixture. This
section will also include research conducted for our concept prototype on the different design parameters.

4.1 Justification with Evidence
The main goal for the ISEC is to provide a way for people to cook food without any reliable
source of electricity. As stated in previous section, our current design will consist of using a
custom immersion heater, 60% NaNO3 / 40% KNO3 salt composition ratio, and fireplace
caulking as the adhesive that glues the design together.
Based on the engineering datasheet provided for the fireplace caulking, the adhesive can
withstand up to 1000 degrees Celsius, which is more than enough for our PCM’s melting point
of 300 degrees Celsius. As this data sheet must be legally verified for the product to be
distributed, we are assuming this value is accurate. Based on reviews of the product, customers
found this product highly effective at resisting heat while providing strong bonding, which is
why this product was rated so highly in our Pugh matrix compared to other design choices. We
also took into consideration the positive experience some of Peter Schwartz’s other research
students had using this adhesive, as they verified the online reviews and stated it was very
effective at sealing the ISEC at high temperatures. The adhesive was not tested by the research
students at temperatures as high as our team will be operating at, however, so our team will have
to verify this with our own prototype.
The salt composition ratio was determined through the Pugh matrix as discussed above, and the
ratio that was deemed the best was 60% NaNO3 / 40% KNO3. It is stated in a research paper
published by the Journal of Solar Energy [1], that this composition of salt has the lowest value
for specific heat and melting temperature, as this allows the PCM to melt with less required
energy. This is ideal for our prototype, as the energy collected by the solar panel will be limited,
and the less energy required for more heat, the better.
The option of using an immersion heater was recommended by one of the research students
working with the ISEC team on a Erythritol PCM ISEC design. While this design is untested in
an ISEC, due to all the benefits outlined previously in the report we believe this to be the best
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option for a heating element. We verified this choice with our sponsor Peter Schwartz and he
believes it is a viable option to be tested. Based on the voltage and current specifications, the
immersion heater should be able to heat up the PCM using the limited voltage from the 100W
solar panel.
4.2 Preliminary Calculations
Under ideal circumstances, we can determine the power input provided by the solar panel. As we
are utilizing a 100-watt solar panels, we can assume that on average solar panels get around
seven hours of usable sunlight per day [2]. We can then determine the total amount of energy
provided by multiplying the solar panels watts (or joules per second) by the amount of sunlight
hours (converted to seconds). The seven hours of sunlight is a good baseline for a low level, as
some days probably get closer to nine hours of sunlight, however, this energy is the energy
required to melt the salts at a temperature of around 225℃. Our ideal operating temperature,
however, is closer to 300℃, so the extra hours of sunlight will contribute to rising the
temperature up from its melting point.
𝐽
3600𝑠
100 × 7 ℎ𝑟𝑠 ×
= 2520 𝑘𝐽
𝑠
1ℎ𝑟
From this we know a general guideline of the amount of energy provided to the immersion
heater, which is around 2520 kJ of energy. From this we can determine the maximum mass of
salts that can be added to the ISEC by using the specific heat equation and solving for the mass
of nitrate salts by utilizing the energy input, specific heat, and the change in temperature at
operation. This energy value, however, does not consider the efficiency of the immersion heater,
which must be determined through testing once we receive the heater for testing.
𝑚=

2520𝑘𝐽
= 2100𝑔
𝐽
6
× 200℃
𝑔℃

From this we determine that the max amount of nitrate salt that would be able to melt is around 2
kg. Using this mass, we can determine the max heat loss to where the temperature will be too
low for cooking. We set the minimum temperature to 100℃, and the starting temperature at
300℃ and using the specific heat equation we can then find the max heat loss allowed when the
salt is in liquid state.
𝑄 = 2000𝑔 × 10

𝐽
× (300 − 100)℃
𝑔℃

From this equation we determine that the mass heat energy lost from the salts is 3620 kJ. From
our design constraints our goal was to have the PCM to maintain cooking temperature up to 3
hours, so we can determine the max rate of heat loss by dividing the max heat loss by the max
time.
𝑄̇ =

3620𝑘𝐽 1ℎ𝑟
3 ℎ𝑟 3600𝑠
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Using this equation, the maximum rate of heat loss is calculated to be around 300 watts of heat
energy. This energy is the maximum rate of heat loss allowed to fulfill the design goal of
allowing up to 3 hours of cooking temperature after energy input has been removed.
4.3 Design Hazards / Safety Plans
In order to continue our current design direction, our team decided to identify any possible risks
associated with the system design through the use of Design Hazard Checklist. The Design
Hazard Checklist (Appendix D-1) outlines any specific potential danger the ISEC design may
cause. The main concern of the ISEC design will be to control the PCM’s high temperature
conditions. From the research paper mentioned earlier, the PCM can reach temperatures as high
as 300 degrees Celsius, thus the temperature of the inner pot and outer layer of the ISEC may
present a potential safety hazard. To combat this issue, our team must select a material that may
withstand high temperatures throughout the life span of the ISEC such as aluminum.
Another possible safety hazard for users of the ISEC is careless operation of the device.
Ultimately, we want our design to be used safely, and the main concern for users is the high
temperature of the ISEC. A planned corrective action would be to implement a thermometer that
monitors the temperature of the inner pot and can provide users with input on whether the pot is
hot. In addition to this, the instillation of a shutoff switch when the ISEC reaches a specific
temperature has been utilized in previous ISEC versions, and we plan to include this feature as
well. Layers of insulation would also be installed around the PCM to ensure the outside of the
ISEC can be touched without any danger of burning oneself. Overall, the most prominent hazard
from our ISEC design will be from the extremely high temperature caused by the melting PCM.
4.4 Current Obstacles
The biggest obstacle our design will have to overcome is the fact that the solar panel must
provide enough electrical energy to fully melt the PCM. Without the necessary power, the salt
will not fully melt and will not store thermal energy efficiently. This will minimize the
effectiveness of the nitrite salt design and may rank it lower compared to other ISEC designs that
use a different PCM. This power input is also dependent on the immersion heater’s efficiency to
turn that electrical energy into thermal energy, which must be measured prior to the final
determination of nitrate salt mass.
Another challenge with the current design is that we do not have a specific desirable dimension
for the bowl that will contain our PCM. Previous senior project groups [3], as well as different
current ISEC designs have different dimensions for their bowls. Not enough data was collected
in terms of how different shape / size of the bowl may affect the efficiency of the overall design.
The ratio of salt composition may be another uncertainty for this design. As stated previously,
our group decided on the salt composition from previous experimentations. However, this does
not give us an exact idea on if this exact salt composition will be the best as we were forced to
balance different variables associate with the PCM, such as energy required to heat up, cost, and
how long the PCM may be able to maintain a desirable temperature.
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5. Project Management
The overall project is completed over the course of three quarters. The first quarter is primarily
focused on planning, brainstorming, and preliminary testing. The purpose of the first quarter is to
narrow down the direction of the project design, so more detailed prototypes and analysis can be
done. In the next two quarters, there will be emphasis on a building and testing cycle, where a
concrete design can be produced. At the end of the project, the finished product will be presented
in a senior project exposition and final design review. Throughout the project, key project
deliverables such as the Interim Design Review and Critical Design Review will be used to
evaluate the progress of the prototype design. Table 5.1 shows the timeline of key deliverables
for the overall project. For more specific tasks and due dates, see the Gantt Chart, in Appendix E.

Table 5.1. Timeline of Key Project Milestones
Deliverable
Description
Due Date
Scope of Work (SOW) Outlines the entire project timeline and acts as an agreement
10/20/21
of final deliverables between the group and the sponsor
Preliminary Design
Documents design process and justifies, to the sponsor, the
11/16/21
Review (PDR)
design choices made
Interim Design Review Receive feedback from lab peers about the implementation
1/13/21
(IDR)
of design choices
Critical Design Review Provides the full documentation of the group’s project
(CDR)
design, including design/function descriptions, test
2/8/21
data/analysis, possible manufacturing specifications, and
planned testing procedures
Final Design Report
Final, updated version of the CDR that replaces predicted
(FDR)
actions with actual procedures, as well as heavily improved
5/24/21
conclusions/recommendations for moving forward with the
sponsor
5.1 Project Development Plan
As the first quarter of the project timeline nears completion, the focus of tasks will transition
away from planning to manufacturing working prototypes. The primary milestones of Fall
Quarter are the SOW and PDR, shown in Table 5.2 above. Now, the short-term upcoming tasks
will be to prepare for the IDR and CDR, with sights set on preparing for the FDR in Spring
Quarter.
Winter Quarter will specifically be used to build a prototype based on the analysis of early
concepts. During this time, a nitrate salt storage element will be built, with the intent on running
tests on safety, durability, and efficiency. The most important test is for safety and durability; the
storage/heating unit for the nitrate salts cannot leak any material due to the high temperatures it
reaches, especially if being used multiple times a day. The nitrate salt storage unit will be tested
11

for leakages across many thermal cycles, to replicate repeated use over an extended time. A
probable weak point within the design will be the adhesive used to secure the two bowls
together; even though the adhesive is rated for a significantly higher temperature, testing needs
to be done to see how it reacts to repeated heating/cooling cycles. Another test is for efficiency;
specifically, heating time and cooling time. The ideal nitrate salt storage unit will heat up to the
target temperature quickly, then remain at the target temperature for as long as possible. To
prepare for the CDR, a CAD model will be created and refine throughout the quarter, based on
data collected from testing. For the purpose of prototyping and testing, most of the materials
used will be found within the ISEC research lab. Preparation for the IDR and CDR will be made
alongside testing, to ensure the design satisfies all designated criteria.
Spring Quarter is when the focus shifts from prototype testing to delivering a final design and
presentation. Much of the time will be spent fine-tuning the final prototype as well as
documenting everything for the FDR. While Winter Quarter will be used to see if the product
meets the functional requirements, Spring Quarter will dedicate more time to determine if the
product meets other requirements, such as cost or ease of manufacturing. Then, the FDR and
final presentation will be completed in time for the exposition.

6. Conclusion
The goal of implementing nitrate salts into insulated solar electric cookers is to provide an
affordable and sustainable method to cook food in low-income areas where gas or electricity may
be limited. To achieve this goal, our team has created a design that will use an immersion heater
to heat a 60% NaNO3 / 40% KNO3 mixture of nitrite salt. This mixture will be housed in a
nested bowl design and sealed with fireplace caulking, and this entire assembly will be placed in
an insulated bucket.
This Preliminary Design Review document outlines our ideation and rationale behind these
design choices, as well as our plan for constructing our prototype using these materials. In
addition to this, it also outlines our project management and plan for the future. All this
information is to provide our sponsor, Pete Schwartz, with our preliminary design and project
plan for his approval.

12

References
[1] E. Gabisa, A. Aman “Characterization and Experimental Investigation of NaNO 3:KNO3 as
Solar Thermal Energy Storage for Potential Cooking Applications” [Online]. Journal of
Solar Energy. Available: https://downloads.hindawi.com/archive/2016/2405094.pdf
[Accessed: Nov. 11, 2021]
[2] “Sun Hours Map: How Many Sun Hours Do You Get?” Unbound Solar. [Online]. Available:
https://unboundsolar.com/solar-information/sun-hours-us-map. [Accessed: Nov. 11,
2021]
[3] S. Ford, S. Gokhale, B. Lynn, and R. Nguyen, “Consumer-Ready Insulated Solar Electric
Cooker Final Design Report” Cal Poly, San Luis Obispo, California, rep., 2021. [Online]
Available:
https://digitalcommons.calpoly.edu/cgi/viewcontent.cgi?article=1665&context=mesp
[Accessed: Nov. 11, 2021]

13

Appendix
Appendix A: Pugh Matrix for PCM Selection

A-1

Appendix B: Pugh Matrix for Adhesion Selection
Datum
Idea 1
Idea 2
Current
Solution: Heat Nuts and
Welding
Conduction
Bolts
Grease SD933

Idea 3

Idea 4

Caulking

Putty

Locally Available

+

-

S

-

Durable

+

++

+

+

Simple to Assemble

-

-

S

S

Manufacturing/Purchasing
Cost

-

-

S

S

Σ+
ΣΣtotal

2
2
0

2
3
-1

1

1
-1
0

B-1

0
1

Appendix C: Pugh Matrix for Heating Element Selection
Datum
Current
Solution:
Nichrome
wire inside
metal tube
Availability of
materials
Safe to use
Sustain hot
temps
Simple
Assembly
Durable
Heating Time
Manufacturing
Cost
Σ+
ΣΣTotal

Idea 1
Induction
heater on
outside of
PCM
assembly
-

Idea 2
Soldering
Iron tips

Idea 3
Idea 4
Heating
Immersion
element from heater
electric
stove

Idea 5
Diode chain

S

-

S

+

+

S

S

+

-

-

S

S

S

S

+

-

S

S

-

S

S

+

+

-

-

+
+

+
-

S
+

+
+

2
4
-2

2
1
1

2
2
0

3
0
3

2
3
-1

C-1

Appendix D-1: Design Hazard Checklist

D-1

Appendix D-2: Design Hazard Plan
Description of
Hazard
Extremely High
Temperatures
Using in an
unsafe manner

Planned Corrective Action

Planned
Actual
Date
Date
11/12/2021 1/10/2022

 Selecting a material capable
of withstanding high
temperatures throughout the
lifetime of the ISEC.
 Implementing a thermometer 11/12/2021 1/10/2022
that can monitor the
temperature of the inner pot.
 Installation of a shut-off
switch when the ISEC
reaches a specific
temperature.
 ISEC will be fully insulated

D-2

Appendix E: Gantt Chart

E-1
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Abstract
This Final Design Review document goes over the manufacturing, design, and testing of our
prototype PCM assembly. This FDR will explain the testing procedures that were completed
including the heating and cooling tests with and without water, to analyze the functionality of the
nitrate salts as a phase change material. The document will also include an analysis of the testing
as well as recommendations in order to improve the design for future iterations of the ISEC that
will potentially use a nitrate salt as a thermal storage solution.
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1. Design Updates
The primary change in our design was to incorporate a second immersion heater into our
system. The second immersion heater will allow the two heaters to add heat to the system
independently of each other to allow a faster cooking time for the user.
One immersion heater, will be attached directly to the inner pot, allowing the heater to focus
primarily on cooking the food that is in the pot, rather than using initial heat on melting the
salts. The second immersion heater will be set lower into the pot, heating focusing on
providing heat to the nitrate salts, allowing the PCM to store heat.

Figure 1. Updated Exploded View
As seen above, Figure 1 provides an updated CAD model of our PCM assembly. In order to
properly fit both heaters into the outer pot, the heaters were rotated slightly to not interfere
with each other.

2. Manufacturing
This section focuses on the PCM assembly manufacturing process including the procurement
of parts and general assembly of the PCM assembly. This does not focus on the full assembly
of an Insulated Solar Electric Cooker, and only focuses on the PCM assembly.
2.1 Part Procurement
For the most part, our components were found in the Physics Lab on campus located in
Building 52 room D13. Both of our inner and outer pots were found in the lab along with the
adhesive paste and nitrate salts as well. 10-gauge wire was utilized for the connection of the
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immersion heaters due to its durability, and 12-gauge wires were utilized for solar panel
connections to allow for more flexibility of the PCM assembly.
The main component of our PCM assembly that had to be obtained were the immersion
heaters which were purchased online through Alibaba.com. The final parts list including
quantities and expenditures can be found in Appendix A.
Separate from our immediate PCM assembly but necessary for the function of an ISEC,
thermal switches, fuses, and insulated buckets were also found in the physics lab.
2.2 Manufacturing
The inner and outer pot seal was manufactured from a flat, thin aluminum sheet metal that
was then bent to follow the curvature of the pots. For the initial cut, the aluminum strip
measured 41in long, and 2in wide. Tabs were cut along the bottom edge of the strip at half
inch intervals and 0.25in deep. The strip was then fitted to the inner bowl to determine the
measurements for the tabs on the top edge of the strip. These were determined to be tabs
spaced 1in above the bottom tabs at 0.75in intervals. The tabs were left intentionally long to
be trimmed once the inner bowl was fitted inside the outer bowl.

Figure 2. Inner and Outer Pot Seal (Flattened)
In addition to this, holes were drilled into the side of the outer pot in order to feed out the
wires from the inner pot heater and the outer pot heater.

Figure 3. Holes Drilled into Outer Pot to Allow Wire Feed
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2.3 Assembly
The assembly process began with locating the inner pot heater and the outer pot heater
between the two pots, so they did not touch. Once their proper positions were found and
marked, the inner pot heater was affixed to the inner pot and the outer pot heater was affixed
to the outer pot, both of these processes using Hi-Temp RTV silicone. The pots were then left
for 24 hours for the silicone to cure. After this, eyelet crimps were attached to four 1.5-ft
length wire. Each eyelet was then sandwiched between two nuts and two washers on the
threaded end of each heater. Then, all exposed metal on both the heater and the eyelet was
covered in silicone, in order to prevent conduction between the wire and the side of the pot.
This was then left 24 hours to cure.

Figure 4. Eyelet Crimps Attached to Heaters Before Silicon Coating
The adhesive that was decided to affix everything is the Hi-Temp RTV silicone caulking by
JB Weld. As stated earlier, once the inner and outer pot heaters positions were marked, the
silicone caulking was used to fix the heaters to the inner and outer pots, respectively. The
outer pot heater was the easiest because it was only necessary to hold the heater straight to
the bottom of the pot. Because the heater and the pot are relatively parallel, all that was
needed to do was to caulk the bottom of the pot where it was marked, place the heater on top,
caulk the side of the heater a bit more to ensure that it was glued to the bottom of the pot, and
duct tape was used to hold the heaters still, and left to cure for 24 hours.

Figure 5. Outer Pot Heat Assembly
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The inner pot and heater were a bit more difficult to caulk because of the way the inner pot
heater must wrap around the inner pot itself. First, similar to the outer pot, we marked the
bottom of the pot where the heater was supposed to go, caulk the marked area, and placed
down the heater. Then, the end of the heater where they must wrap around the pot proved to
be a bit of a challenge because of the way it is shaped. Caulking was placed on the markings
of where they need to affix to, then duct tape was used to hold them in place. However, that
was not enough for the heater to remain in contact with the sides of the pot, therefore clamps
are used on the ends of the heater to ensure that they are fixed, and then it is left to cure as
well.

Figure 6. Inner Pot Heater Assembly
For the inner and outer pot seal, caulking was also used as the adhesive. Caulking was put all
around the inner side of the seal, then placed on the inner pot. Next, extra caulking was
placed on the bottom of the seal to make sure that it is stable and secure on the inner and
outer pots.
After the inner pot is situated into the outer pot, thermal switches and fuses were soldered to
each immersion heater wire on the positive side. These thermal switches will act as a safety
feature to ensure that the wires don’t generate too much heat themselves, potentially
damaging the whole circuit. The thermal fuse and switch are components that are found in
traditional ISEC builds and ensure that it is able to operate safely without damaging major
components.

Figure 7. Thermal Switch and Fuse
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Additional 12-gauge wire was connected and soldered to the 10-gauge wire that attached to
the immersion heaters in order to ensure there is enough wire to connect the PCM assembly
to the external solar panel used to power the ISEC. All of the soldering for these wires also
included shrink wrapping all connections to prevent any potential shorts and ensure structural
integrity.

Figure 8. Heat Shrink Added to Solder Joints
2.4 Challenges
The primary challenge we faced in the manufacturing process was bending our immersion
heaters into a custom shape to fit both elements into the bowl. While we initially designed
the heaters to fit within a certain design, the long lead time meant our dimensions had
changed by the time the heaters arrived. The heaters were made of steel tubing, so properly
bending it into shape proved difficult with the tools we had access to. Our goal was for two
heaters to closely follow the curved geometry of the bowls they would be contacting. This
meant adding custom curves and unbending the preset shape the heaters came in. The outside
steel tubing was tough and elastic, meaning each bend had to compensate for the steel
springing back. Due to their elasticity, it was challenging to produce the exact shape we
wanted for the heaters to properly maintain contact with the bowl. We used various pipe
benders and vices found in Mustang 60 and the aero hangar. The heaters were susceptible to
failure from excessive bending; we found that bending a heater too many times in the same
spot would weaken the steel, resulting in breakages and exposed heating wire. It was
impossible to salvage a heater once the outer tubing was broken; a significant time of our
assembly was spent replacing heaters we had broken. Additionally, due to the custom shape
of our design, we couldn’t take advantage of any dies to bend the wire against. The most
effective process for bending was to secure as much tubing as we could into a vice, and
manually bend using a handheld pipe bender. Many of the required bends would place stress
in other unintended locations and skew the heater, which required additional straightening so
the heaters would sit flush with the bowl surfaces.
Another challenge we faced was that when we first started caulking, we used a fireplace
caulking rather than the Hi-Temp RTV silicone from JB weld. Because it was a fireplace
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caulking, it only served as more of a sealant rather than an adhesive. When we used the
fireplace caulking for the first time, we came back to our assembly 24 hours later to find that
it did not glue the heaters to the pot whatsoever. That was when we changed to using the JB
Weld instead and it proved to be a significantly better caulking for adhesive purposes. Using
any form of caulking extended our assembly time significantly, as we had to wait at least 24
hours for the caulking to fully set before reviewing our work.
The last main challenge was properly fitting the inner bowl into the outer bowl, with both
heaters secured inside the gap. Due to the challenges mentioned in tube bending, we were
unable to fit the two heaters as close to the bowls as we would have preferred. A lot of time
was spent experimenting with different wiring and rotated bowl configurations so the inner
bowl could seat within the outer bowl. We ended up cutting our donut seal in half to allow
for more clearance, which fortunately let the assembly fit together, albeit much tighter than
expected.

3. Design Verification
The Design Verification chapter focuses on the evaluation of the PCM assembly design,
where the tests and results from those tests are discussed and compared to the initial goals of
project.
3.1 Meeting Specifications
Recalling from our Scope of Work back in fall quarter, there were 15 specifications in total
that the design needs to meet. Many of the specifications were met through component
choices, and the rest were verified through the tests we’ve ran.
The first specification was the time to assemble. We set the goal to be three hours, and with
the proper materials and equipment, this is doable. However, this does not count the time
needed for the JB Weld to cure, but the amount of time needed for the actual manufacturing
does not require more than three hours. Next, the time required to reach cooking temperature
was three hours, max temperature and sustaining a specific temperature over time is four
hours, and this is demonstrated in Section 3.2. Our fourth specification is the cost of research
and development, this was met because the project cost less than fifty dollars. Next, the time
required to clean was 15 mins, and this was easily met as we’ve timed ourselves to clean it,
which only took about 5-10 minutes. Specification 6, 7 and 15 was met simply due to the
components we chose for our inner and outer pot. Section 3.2 will demonstrate that the
design has met the specification of power efficiency. The internal vs external temperature is
excluded from our specification due to it being unnecessary for the design. The aesthetic
survey and impact test was also excluded because the appearance does not really matter
compared to its function, and we determined that the system does not need an impact test.
Lastly, the leakage specification was met due to our repetitive usage of our design, and it did
not leak once.

6

Most of our testing specifications were able to be completed together, our test setup can be
found below in Figure 9.

Figure 9. Test Set Up
3.2 Heater Power Test
In our Critical Design Review, we estimated that a 4.2 kg salt mixture will require 200 W of
power to be able to fully melt. We arrived at those values based on simplified heat transfer
equations and assumptions. As we conducted further testing and began to better quantify the
required heat to melt the salts, we realized that 200 W of power is too high of a requirement
for the solar panels and the heaters. If the salt needed 200 W to fully melt, that meant our
heating system needed to provide greater than 200 W of heat, to compensate for heat losses
or other unforeseen inefficiencies. The solar panels we have access to are each rated for 100
W but rarely reach maximum value; trying to get greater than 200 W of total power supply
would be impossible. Therefore, as more tests with salt melting were completed, we reduced
the amount of salt in the system to 1 kg, down from 4.2 kg. Significantly less salt requires
significantly less power to melt. Our reduced amount of salt can feasibly be melted by our
two 100 W solar panels and two immersion heaters.
3.3 Heat Up Test
The heat up tests completed for the PCM assembly were ran in three parts, one test that does
not have water, another test where water is added before heat-up, and a final test where water
was added after the ISEC had fully heated. All of these tests used a datalogger with two
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attached thermocouples to measure the temperature of the interior pot. As the data we were
interested in was measured directly, there is no error propagation as these data values were
not used in calculations. The resolution of the datalogger was 0.1 C, so our measurement
uncertainty was ±0.05 C. Two thermocouples were used to ensure that if any temperature
spikes occurred, the second thermocouple could verify if it saw the same temperature change.
Luckily, no such spikes occurred, and the thermocouples provided nearly identical results.
The thermocouples were placed within the inner pot as seen below in Figure 10.

Figure 10. Thermocouple Placement for Testing
3.3.1 Heat Up Test Without Water
Figure 11 below shows the temperature vs time graph for heating the ISEC dry, with nothing
in the inner pot and the thermocouples touching the bottom of the pot. The temperature
increase began around 7am as the sun rose, and then began to decline around 6pm when the
sun no longer hit the solar panels at full power. As seen in the figure, the inner pot reached a
high of 250 C, which exceeded our expectations for the temperature reached by the inner pot.
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Figure 11. ISEC without Water
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3.3.2 Heat Up Test with Water
The second test we performed was to heat up water in the inner pot at the same time as the
PCM to see how this affected the time to peak temperature and if the water would boil. As
seen in Figure 2, the ISEC with water took about an hour longer than the empty pot to heat
up to its max temperature. In addition to this, the water plateaued at a temperature between
95 C and 97 C, right at the cusp of boiling. Visually, the water had formed pockets of vapor
in the bottom of the pot, so this verified that the water did reach its boiling point.
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Figure 12. ISEC with Water
3.4 Cool Down Test
The cool down tests provide an analysis of the thermal storage capabilities of the PCM
assembly with both an empty ISEC and an operating ISEC.
3.4.1 Cool Down Test Without Water
The first PCM capability test that was done was testing the PCM’s ability to store heat in an
empty cooking pot. For this test, we heated up the ISEC up to max temperature and then
disconnected the input power from the solar panel, to measure the changes in temperature of
the inner cooking pot over time. In order to do this, both the heat up and cool down tests
were completed sequentially.
The data for this test can be found in Figure 1. ISEC without Water. From the graph, we can
see that the temperature starts at around 250℃ and decreases to around 80℃ in about 5
hours. This exceeds the expectations and goals we set for out PCM assembly design, as we
were aiming that the PCM would reach 80℃ from their max temperature in 3 hours.
3.4.2 Cool Down Test with Water
Similar to the cool down test without water, we measured the temperature over time of the
inner cooking pot after heating up the PCM assembly over time. For this test, we added water
to the inner cooking pot, allowed the PCM to heat up, and then measured the temperature of
the internal pot over time.
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From this test, we saw that the temperature started at around 97℃ and decreased to 80℃
within the next hour and was at around 55℃ within 3 hours. The data for this can all be
found in Figure 2. ISEC with Water. The heat dissipation of the PCM was a little faster than
we desired, as we aimed for around 80℃ after 1.5 hours after removal of power source.
However, because the thermocouples for temperature measurements were placed into the
inner pot and not the actual PCM itself, the temperature measurements of the system may not
be as accurate, as we could have just been measuring the temperature of the water rather than
the nitrate salts.
3.4.3 Cool Down Test – Water Added to Preheated PCM
The final heat up test we performed involved adding a kilogram of water to the ISEC after
the PCM had been allowed to charge up to a high temperature. As seen in Figure 3 below, the
ISEC started at 185 C before the water was added, but then was able to heat the kilogram of
water to the max temperature of 77.5 C in 68 minutes.
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Figure 13. Water Added to Preheated PCM
3.5 Missing Tests / Challenges
While creating the design verification plan and report, we want to ensure that all of the tests
fully cover the necessary specifications. Each specification that required testing is covered in
our five different tests discussed from above. Due to our tests being similar to one another,
all the tests were able to be completed on time; there were no missing tests. While we did
complete the tests on time, there were difficult challenges the team faced along the way.
At first, we were worried about the delivery of our immersion heaters, which is a key
component that determines if the system works, which dictated our testing dates. The
delivery arrived about a month after the estimated shipment date, and we had little to no
communication between the sellers, leaving us with no control of the situation. What this
taught us is that before we started planning for tests, the ability to ensure that all components
have arrived on time and manufactured is key. Time management and organization is
important, it enables a better response to unexpected situations. Other challenges we’ve faced
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during testing are that because the system is fully sealed, we are unable to see if the PCM has
melted during the tests or not. This could cause a minor problem due to our inability to
ensure the nitrate salt is the main reason for heat containment that keeps the system hot. We
did use thermocouples to keep track of the temperature of the nitrate salt, but because of how
flimsy the wire of the thermocouple is, we are unsure that it remained in contact with the salt
during testing; it could be touching the inner/outer pot for all we know. However, we have a
strong confidence that the salt did melt due to the high temperature readings that the
thermocouple has recorded. Other than that, the five different tests were quite easy to set up
and run, and the results came back on a positive note.

4. Discussions and Recommendations
The Discussion and Recommendations section will summarize the results and finding from
our PCM assembly to assess its viability to be used at a larger scale for production.
4.1 Design Feasibility
The decision to use two immersion heaters is one that the team felt was the right move to
make as it allowed the users to start cooking with the ISEC faster. Previous iterations of
ISECs that utilize a PCM did not have the heater in direct contact with the inner pot,
requiring the user to wait for the salt between the pot and heater to melt prior to cooking. The
ability for the heaters to have primary functions of melting the salts or heating the cooking
pot, ensures that there is always “usable” heat for the ISEC.
This design does have some downsides however, as the ISEC requires two 100 W solar
panels in order to operate both of the immersion heaters. The two heaters, however, are able
to work independently from each other, so if the user only has access to a single 100 W solar
panel, either immersion heater could be used.
4.2 PCM Performance
From our testing we found that the nitrate salt mixture of 60% NaNO3 and 40% KNO3 by
mass is a promising thermal storage solution for future iterations of ISECs. The salts alone
are able to remain at cooking temperatures for around 5 hours prior to the removal of power
input, however when wanting to cook something in the ISEC, the heat can drop rapidly. One
of the main factors of this is the generally small size of the PCM assembly, and the thermal
storage solution for cooking can be benefitted by increasing the size and amount of nitrate
salt.

5. Conclusion
This Final Design review document provides an overview of the design and performance of
the PCM ISEC, as well as the feasibility of implementation and operation of the design. This
report provides the necessary information to reconstruct the PCM module, as well as
demonstrates the overall performance of the device.
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The design updates section discusses how our design has changed due to issues/possibilities
for improvement we encountered. The Manufacturing section provides all information
necessary to reconstruct our project, which includes part sourcing, part manufacturing,
assembly of the system, and potential issues that may be encountered during this process.
The Design Verification section details all the tests performed to verify the ISEC met the
standards we required for its operation. Finally, the Discussion and Recommendation section
summarizes the overall feasibility of our design and the performance of the device.
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Appendix A. Completed Parts List and Expenditures
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Appendix B. User Manual
Equipment Requirements
The only Personal Protective Equipment (PPE) required while using the ISEC are heat-resistant gloves or
mitts in case a user wants to handle the cooking pot without being burned. Otherwise, much of the usage,
and thus risks, will be the same as conventional stove cooking. Due to the heaters and PCM being
contained within an insulated assembly, cooking with our design can be safer than open-fire cooking.

Attaching the Solar Panel
Our design prioritizes ease of use and accessibility for running the system. Two solar panels can be
attached to wires coming from the assembly. There are two colored wires: red for positive, and black for
negative. Because there are two heaters, be careful to ensure each solar panel is connected to their
corresponding heater.
The steps to attach the solar panels are:
1. Check over all wiring to see that they are functional. Ensure there is no broken/burnt wiring, or
any potential disconnects within the system.

Figure 1. Cooking assembly with wiring shown.
2. Find the red and black wiring for each heater and distinguish each set from one another. Each
cable is clearly labeled on the side.
3. Plug in the solar panels to the heater connections.

B

Figure 2. Solar panel connections
4. Secure the wiring into the ISEC insulation, making sure none of the wiring contacts the cooking
surfaces of the pot.

Using the ISEC to Cook Food
The follow instructions include the process on how to properly cook using the ISEC system.
1. Ensure that all the wires are attached and functional. Double check for any broken/burnt wires
before operating the system.
2. Place the system under direct sunlight. Try not to have any shades that cover up the solar panels.
If possible, move the solar panels during different times of the day to ensure direct sunlight.

C

Figure 3. Solar Panel Under Direct Sunlight
3. Once a sufficient amount of time has passed, uncover the lid, and drop in any food / water that the
user would like to cook.

Figure 4. Uncovered Lid
D

Cleaning after cooking
The following instructions are safety guidance for users to properly clean the ISEC system after cooking
food.
1. Ensure that the temperature cooled down all the way before touching the system.
2. Uncover the lid and take out any remaining food /water residue with any cooking utensils.
3. Use a towel / cleaning wipes to wipe off any food stains remaining.

Maintenance
Our system is designed to be self-regulating. No active maintenance is required as the PCM inside the
outer pot can be reused for a long period of time. Although the system may handle intense temperatures,
the solar panel, insulation, and the ISEC system should not be left out in the rain for too long.

Replacing or Repairing Parts
To replace or repair a part, the best way to operate that would be to disassemble the system. Ensure that
everything is unplugged, and the system is left to cool down to room temperature before disassembling
anything. It would be best to review the assembly process before disassembling the system. To replace
any broken parts, be sure that the dimensions are properly sized and compatible with the system.
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Appendix C. Risk Assessment
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